A rapid and simple technique (microthermometry) was developed for the measurement of microbe`s metabolic activities and its inactivation process by an inhibitor. To analyze the results and to determine the parameters for the estimation of the activity and inactivation degree, a simple model was proposed.
Introduction
Recently an assessment of hazardous substances in aqueous environments, which is known as bio-monitoring and micro-biotesting, was studied [1] . In such techniques, a rapid estimation method of microbe's metabolic activity and inactivation process by an inhibitor is required. However, most of the techniques were somewhat time-consuming or tedious and were required expensive apparatus or reagents, because they are based on enzymatic or bioassay methods.
Cooney et al. [2] attempted to apply calorimetric or thermometric method to biochemical and bioengineering fields. They reported a correlation between heat evolution and oxygen consumption of microbes in a fermentor using a thermistor. In recent two decades, many successful attempts using thermistor devices were reported; e.g., enzyme thermistor [3] [4] [5] [6] [7] , microbe thermistor [8] , enzymatic kinetics [9] [10] [11] and so on. Furthermore, many studies from the viewpoint of thermometric aspects about biological and physical properties of microbes have appeared and they often used micro calorimeter [12] [13] [14] [15] [16] [17] [18] [19] .
Because the thermometric methods using thermistor devices are based on a very general detection principle, it is reasonable to consider that the methods make it possible to develop a compact apparatus and on-line measurement of activity of microbes. However, applications of activity and inhibition estimation by micro-thermometry to microbes have not appeared in literature and have not been developed yet.
In this study, the small change in temperature due to the emission of metabolic heat by microbes will be measured by a differential detection method to characterize the microbial activity and the inactivation process of microbes by 3 an inhibitor. The measurement will be carried out by a system consisting of two thermistors to eliminate the effect due to any other undesirable sources of heat.
The obtained thermal data will be analyzed by a simple kinetic model derived from heat balance and will be determined two parameters to estimate microbial activities and the degree of their inactivation by an inhibitor.
Description of unsteady heat balance model
The heat balance of the present micro-thermometry system in unsteady state gives the following equation:
where, T and Q represent the temperature and the production rate of heat by yeast cells, respectively, and the subscripts m and r denote the measuring and the referring tubes, respectively. w and c p represent the weight and the specific heat of yeast suspension, respectively. A and U denote the heat transfer area and the overall heat transfer coefficient between the water bath and the yeast suspension, respectively. Substitution of ∆T for T m -T r and ∆Q for Q m -Q r respectively and rearrangement of Eq. [1] lead to the following equation:
Solving the above differential equation with the initial condition that ∆T = 0 at t = 0, the net change in temperature due to the metabolism of yeast cell, ∆T, can be finally obtained as:
and
[4]
where, the time constant, τ, in Eqs. [3] and [4] is defined as:
[5]
As is well known, Eq. [3] is a response of temperature in thermometric system for a stepwise change in the metabolic heat production rate, ∆Q, of yeast cells by injection of glucose.
On the other hand, an estimating equation of cell inactivation rate, ∆K, is derived from the following equation as the same manner in case of ∆Q,
∆T can also be given as the following equation by solving Eq. [6] with the initial condition of ∆T = 0 at t = 0,
Eq. [7] is also the response of temperature in thermometric system for a stepwise 6 change in ∆K of yeast cells by injection of an inhibitor.
Eqs. [3] and [7] will be verified with the experiments and two characteristic parameters, ∆Q and ∆K, will be determined by fitting to the experimental results. 
Experiments

Preparation of yeast suspension
The yeast cells were grown in 400 mL nutrient-rich broth for 10 h.
(exponential phase) or 20 h. (stationary phase) at 30 °C. After that, they were harvested by centrifugation and washed 2 times with distilled water to prepare desirable concentrations of yeast suspensions. In all runs, 2 mL of the suspension was used as a sample to measure the change in temperature due to metabolic heat. The number of live cells was determined by colony counting on agar plate.
Experimental setup
Measurement of the change in temperature due to metabolic heat was Figure 2 ) corresponding to the two kinds of microbe activity phases. These results demonstrate that the parameter ∆Q reflects the microbe activity in terms of the metabolic heat due to glucose consumption. The values of these slopes correspond to a heat production rate per single cell (Q in 
Consumption rate of glucose by yeast cells
To confirm the relation of the metabolic heat production rate, ∆Q, estimated from Eq. Figure 3 were determined by a least squares method.
From the slope value of each line in Figure 3 , the glucose consumption rate per unit yeast cell (r Glu in Table 1 ) can be estimated as 1.11×10 -12 and 5.79×10 -13 mole-glucose/(cell s) for the exponential and the stationary phases, respectively.
The parameters experimentally estimated are summarized in This reaction indicates that 74 kJ is produced when one mole of glucose is consumed. The values of q for the both phases were much smaller than 74 kJ, although all of the energy (74 kJ) might not be discharged as metabolic heat.
Since the present system was not adiabatic and had large heat capacity because of water bath, the q values should be estimated smaller.
Estimation for inactivation of microbe
The authors also attempted to apply this technique to estimate the The decreasing region of ∆T (time-course after injection of GA solution, i.e., arrow 2 in Figure 4 ) can be explained by Eq. [7] . ∆K was determined by fitting the data to Eq. [7] with a least-squares method in this region. Solid curve in Figure 4 in this region was drawn by the calculation using these parameters. The experiments were repeated by varying the concentration of the GA solutions.
The relationship between the obtained ∆K and GA concentration is shown in Figure 5 . Within the present experimental conditions, the logarithmic value of glutaraldehyde (GA) concentration was linearly proportional to the estimated ∆K value in the concentration region of from 0.02 to 0.64 wt%, although the concentration range of GA solution was somewhat high in this study. In the range of from 0.64 to 6.2 wt%, the degree of increase in ∆K decreased slightly. ∆K of the model proposed in the present study may be regarded as an characteristic parameter of the inactivation of yeast cells.
This technique has some advantages: rapid and ease of the procedure and 14 extension to on-line estimation with ease. This technique will be applied to the evaluation for the influence of reagents and substrates on microbes and estimation of live cell numbers. For example, level of paralytic shellfish poisoning (PSP) toxin may be simply estimated by the proposed model and by using the present system instead of using mouse. However, higher concentrations of the yeast cells were required relatively in the present system.
Development of the experimental system and sensitivity for the lower concentration will be required in further studies.
Conclusions
The rapid and simple method was proposed of estimating microbe activity and inhibition by a micro-thermometry using Relationship between the metabolic heat production rate, ∆Q, 
